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In the period of February 1, 1971 to April 30, 1978 this 
grant supported all research involving lunar samples at the 
Center for Radiophysics and Space Research at Cornell University. 

The principal research topics were: 

1. Optical properties of surface and core samples 

2. Chemical composition of the surface layers of lunar 

grains: Auger electron spectroscopy of lunar soil and 

ground rock samples 

3. High frequency electrical properties of lunar soil and rock 
samples and their relevance for the interpretation of lunar 
radar observations 

4. The electrostatic dust transport process 

5. Secondary electron emission characteristics of lunar soil 
samples and their relevance to the dust transportation 
process 

6. Grain size distribution in surface soil and core samples 

7. The optical and chemical effects of simulated solar wind 
(2keV proton and i particle radiation) on lunar material 

All these topics constituted separate but often interrelated 
experimental research efforts. Some experimental methods and 
apparatus had been developed while investigating relevant properties 
of terrestrial material in anticipation of the accessibility of 
lunar samples. Others, such as the apparatus used for the chemical 
determinations, grain size analysis and for the electrostatic dust 
transport process were built under this grant and the methods 
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involved were conceived in this program. 

We consider that the major contributions resulting from our 
investigations of the various physical and chemical properties of 
lunar material are: 

(a) The first and most extensive set of data to date on the 
surface chemical (major element) composition of lunar soil 
and rock samples, including a number of core samples, 
determined by Auger electron spectroscopy and verified by 
ESCA. 

(b) The observation of an iron-enriched layer on the surface 
of soil grains and the establishment of a relationship 
between surface iron concentration and albedo. 

(c) Experimental demonstration of the ability of simulated 
solar wind to produce both the surface iron enrichment 
of the grains and (most likely as a consequence) the 
carkening of rock powders to the albedo of the soil. 

(d) Determination of high frequency electrical properties 
(dielectric constant and power loss) of numerous rock and 
soil samples, in the latter as a function of density. 

The samples constituted a representative set which in¬ 
cluded material from every Apollo mission. A relationship 
of power absorption and iron concentration in the samples 
was shown,but more significantly from the range of power 
absorbency measured in soil samples and with the help of 
available radar information important conclusions were 
drawn concerning the physical make-up of the subsurface 
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of the Moon. 

(e) Experimental demonstration of the electrostatic dust 
transportation process and observation of the different 
topographic phenoamna created by such a process. Results 
of the measurement of the first crossover voltage (bom¬ 
barding electron potential at which the number of elec¬ 
trons hitting a surface area is equal to the nuatoer of 
electrons emitted by it) for surface soil samples and core 
samples gave support to the supposition that layers of 
different soils might be deposited by an electrostatic 
transport process without being mixed due to differences 
in the secondary electron emission properties of these 
soils and their consequent "resistance” to mix under 
electron bombardment. 

The following papers were published under this grant (an 
abstract is shown along with the title of each): 
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Grain size analysis, optical reflectivity measurements, and 
determination of high-frequency electrical properties 
for Apollo 14 lunar samples 


T. Goto. E. Bilson, and M. Yerblry 

Coiwr fur Radiophysicz and Space Research. 
Cornell University, Ithaca. New York 14*30 


""**** P #r,ic l« ***• distribution it measured for the Apollo 14 bulk and contingency fines as 
*d! js for tno subumpks from (he 14230 core simple. Among these simples there seems to be no 
srgmfciiM \iriiiion in pam sue distribution. Reflectivity measurements on lunar fines from different 
Apollo wm ions show that their albedo decrease significantly after being subjected to a dose of 
proton bombardment which would be equivalent to approximately IJ x 10 * years of solar wind. 
Results of dielectric constant and power absorption length measurements are reported for Apollo 14 
fines and an Apollo 14 rock sample. A strikingly long absorption length IS wavelengths is observed 
for the rock sample !-010.161 at 430 MHz. 


Grain Size Analysis and High Frequency Electrical Properties of 

Apollo 15 and 16 Samples 

T. Gold, E. Bilson, and M. Yerbury 

Center for Radiophysics and Space Research 
Cornell University, Ithaca, New York 14853 


ABSTRACT: The particle size distribution was measured for Apollo 
15 and 16 surface fines from various locations and for 11 Apollo 
15 deep drill core samples from different depths below the surface. 
Significant differences are observed in the size distributions 


determined in core samples originating from layers a few cm apart. 
The relevance of this finding to the deposition process of soil 
layers is discussed. The dielectric constant and the power absorp¬ 
tion length were determined for eight soil samples and three 
reck samples of the Apollo 15 and 16 missions at 450 MHz frequence 
Strikingly low absorption is observed in rock samples 15597 and 6001 
and a generally lower absorption was measured in all Apollo 15 

*1*4 16 samples than for earlier \pollo samples. 

?rcc. '• t' lunar Sci. Cenf., "oochim. i ~ 

•U'O, p «r-;aron, i?~3 
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Moon°7 N ! J 2»- 3 ” S A f.°^ T ™ E EV0LCT,0 ' i OF THE MOON ' 

T. GOLD 

Ctmtr for Kadiopkyua end Space Rtiearch. Cornell Unit.. Ithaca NY VS A '-Mt 

(Received 23 November, 1972) ^ 

AHwet. The principal questions about the derivaiion of the lunar surface have not yet been settled: 
is u the surface left over from the process of accumulation of the Moon, or is it a surface generate d 
by mnjmatic processes on the Moon and subsequently altered by further mfall from outside* The 
evidence derived from many sources now favors the former. Setsnuc data suggest an absence of 
bedrock down to a depth of several kilometers, and instead a compacted powder only The •■nascon’ 
evidence can be understood as a consequence of major impacts m a deep porous layer The gnat - 
abundance of cosmic ray tracks in moat soil samples demands a much greater cosmic ray ^ r .k, n 
present rates would cause in the age of (he Moon, unless the dust represented infallen material nra. 
viously irradiated. The nuclear age. since freezing, of the dust is greater than that of the r ocks found 
The chemical composition of the dus: is not the same as of the rocks. Sirct layering of the dust has 
be«i seen, implying some process other than metcontic impacts for its generation and deposition 
These and other effects found can be understood in the frame-work of a cold accumutetiondcscrtp- 
uon. in which the surface layers represent the last addition of metcomic mfall of a basaltic matcnaJ 

WMh ,h * j™?" ^ ,|C achomJmes. The possible relation of this matemJ 
to oceanic basalt on Earth is mentioned. 


SPUTTERING AND DARKENING OF THE GRAINS ON THE 

LL'NaR SURFACE 

hown and Particle Interactions with Surfaces in Space (Gra 
o/ 560, D. Reidel Publ., Dordrecht, 1973 

T. GOLD 

Ctnttr for Radiophysics and Space Research. Cornett Vmsersity. Ithaca. \ V. 14350. L S-A. 

Abstract. Sputtering experiments have been carried out in the lunar laboratory at Comeil t first by 
B. Haphe) since 1964. These have shown that solar wind exposure will lead to the deposition of a 
dark layer on grams of most rocks. The nature of this layer is not yet known with certainty, but it is 
thought to be chiefly due to reduced metals. This confirms the supposition, first put forward in 1955, 
that the albedo of any pan of the lunar surface is dependent on the length of ume for which it has 
been exposed. This albedo effect is likely to dominate over effects due to regional chemical differences. 
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Optical properties of the Apollo 15 deep core samples 

T. Gold. E. Bnison. and R. L. Bwion 

Ccmcr for Radiophyiics and Space R«'<wrch. Space Science-. BuiWmg. Comei! University 

Ithaca. New York I-ifJO 

%bure*»-The variations of albedo ob^rv*d it different depths « i cart *ube .how »;«*>„ a» arc* a 
rang* atoccun on ih« surface over -he entire -noon Different reg-ens m the core tube are very <harpty 
'cparaied .rom each xher. Jemon.trat.ng that 'title mmng had taken piece in the Jepovtmn proem 
or subsequently a pomble :orretatton between ubedo and coimic rav espovure u iw-red. 
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Observation of iron-rich coating on lunar grains and a 
relation to low albedo 

T. Goto. E. Bilson. and R. L. Baron 

Center for Rad*ophy wc* and Space Research. Space Sciences Budding 
CorueHUniversry.Ithaca.New York 14130 

Abstract—»The outermost few atomic layer* of lunar 'Otl samples were studied by Aufcr tpttti otcoyy 
^nd were found to contain in each case two to three times more iron than the mean bulk composition of 
the sample. The amount of esc ess iron is found to be closely correlated with the optical albedo in the - 
manner that would be theoretically expected if the iron provided absorption -enters Crashed lunar 
rocks of similar mean composition, but lacking the estra iron coatwig of the sod grains, have a 
higher albedo than most lunar sods sampled or observed on the lunar surface. 

I 

LUNAR SCIENCE VI, Lunar Science Institute, Houston, Texas (1975) 

EXTRALUNAR ORIGIN OF THE LUNAR SOIL. T. Gold, Center for Radio¬ 
physics & Space Research, Cornell Univ., Ithaca, N.Y. 14850 

The possibility that the lunar surface represents merely the last stages 
of the accretion process that formed the Moon has not received much atten¬ 
tion (1,2,3). Yet, this is clearly a question of overriding importance to 
the entire lunar investigation program. 

Very strong evidence concerning the lunar soil, such as its exposure 
record, its state of deposition, as well as radar and seismic evider.ce7'“how* 
appears to us to make the case that the surface material fell in more or 
less in its present fora, rather than that it is the consequence of meteori- 
tic grinding of a lunar endogenic crust. Further evidence concerning the 
Apollo 17 orange soil, the masccns and their absence on the back, and the 
many indications of surface denudation and deposition all speak for infall 
and surface transportation processes as having been the dominant effects. 
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Auger analysis of the lunar soil: 

Study of processes which change the surface chemistry and albedo 
T. Gold. E. Bilson and R. L. Baron 

Center for Radtophyuc* and Space Research. 

Srace Science* Building. Cornell University. Ithaca. New York :**53 

\h%iract— The chemical ^ompmmon of the .mtermosi few atomic avers of :h»riecn -oil vamptev And 
V* '©ck sample* from ail Apollo vie* wa % vttidied b* Auger electron spectroscopy Ml *o«l wmple« _ 
«how«d 4 Urge me reave m the ron-to-os* gen ratio *and thereby of :he surface concentration «>f ironi 
compared with sample* of crushed wk or * th 'esuit* of the Silk chemKai anaiyvi* The n egative 
correlation between the amount of tht* enhanced iron and the albedo of toil sample*, reported earlier 
bv u%. t* now ffeatlv strengthened, and vhow* the functtonal dependence expected from a popuialion 
of ahvorption .snters that iv proportional to ’he surface >rc*n content 

Crashed unar rock sample* evprned to l keV proton* that omu’ate 'olar-wind rvtsnure Uw 
t )i)0-**0nA \r ev*ihn hoth an increase of *he *urface iron arid j ^wering .*f j.beJ*' *njke' tneve 
*e*emble :*c ‘unjr -oil * s%ih re^re^t* U hue j vartet' of surface "■rd^catvu effect* mav 

have been r evert t jrreaf' 'hat jn jOeau-tc ..rutton 'j r *he ow i.hcJa of ’he it*J he 

**emicai vurfact properties of *he *oii .ifl ^ ''und *n *he •e.e^tive Jcnet.on of 'v g-n ird other 
*.fV# fter**ni«i "t «o«if i-**d * put; < fin* 
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Electrical properties of Apollo 17 
rock and soil samples and a summary 
of the electrical properties of 
lunar material at 450 MHz frequency 

T Gold, E. Bilson. and R. L. Baron 

C«ftt«r foe Radaophysics and Space Research. Space Sciences p— i-*—g 
Cornell Liwsersuy. Ithaca. Nr* York 14*53 


Aialrwi—The dielectric ;omum and the soltage il'sorption length nt measured for four Apofto 1? 

5061 ■** d >?0n ** f< * mo 'P 0 * 10 >* Wk 'ampin i'*)15 and *S|J5> 
*» *?0 MHi frequency The dielectric constant and absorption <en*th measurements made on all w 
•unar uapkt arc renewed and relaud to the transition element concentration m these unpfet The 
sigmftcance of the laooraiory measurement*-for radar ohsersatexM is discussed. 
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The surface chemical composition of lunar samples 
and its significance for optical properties 

T. Gold. E. Bilson, ami R. L. Baron 

Center for Radwpdvsics and Space Research. Space Science Bu.’J.n*. Cornell Ltmersuv Ithaca. 

Nr* York 14*53 

Abstract—T>e surface ron. titanium calcium, ind silicon concentration m -lumcreus lunar son end 
rock -ampacs w,» determine bv Au*er electron spectroscopy As reported presunmly all sod samples 

* * "** T*"*! " I s * ,r ° n W °" tt * ra, '° '»*» :h *" b ' of the surface concentration of-ronl 
. *' ,h of pulsertced rock .* with results of their hulk chemical analysis The surface 

t.ia-nium concentration of the so-l is also significantly increased ss the Silk concentration .hrrrii the 
surface care,um and silicon concentration ,s not s^mRcanth different from the hulk concentration is 

•BCW CiffllfMS. 

4 solar wind simulation experiment us.ng I kiV energy apirticies showed that an hmi Jose 
corresponds to approx, mat«i> W.OOO >r of solar w,«l increased the eos concentration on the surface 
»f the pid.er.ced Apollo 14 rock ample. 14JI0 -a the concentration measured in -he Apollo ;a usd 
•amr r a.n3 c*w :*>e 4>edo ( he rouenced - 'cs decreased from j cA to .> j- 

' TP "* J 0 resented • Nkt .f he anar s..,l s seen to Nt .loseis .o 

s cp *% h < NOTf.^e wAftveru.MtHMt Af rA* *ro *iur:um z% Auftr \ wnar 

*-ml .putter -r twtKin mrc.-unsm ,s discussed a, a p ss.re aus< 'or v'th he surface chemical and 
optical -fo.-ert.es of -e .ou ” 
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" Chemical and optical properties at the Apollo 15 and 15 sites 

T. Gold. E. Bilsoh. and R. L. Bason 

Cmmt for Radiophytic* aad Space Wei Sf*« Semen MMiq. Com* Lwsruty. 

kku. Sew York MBS3 

M. Z. Au and W. 0. Ehmann 

DmnMM of C W—B T. t’mterany of Kentucky. Uwcn. Kentucky «MI 

Om» Tho Mk chmmcal ;w>n i ciii . the Mrfatt rhtancal rancenmtioo of four major ale* 
—* ***- — * attado am henai wl for tit core timplu . from two tiara rod from fear 

JiScrem depth* below the hear uefaca. aal aho for turface tod i imp let from the r—i> of the 
***» at the core*. The cheoacal compotmoo of the core ii mpl ai we* found to bo rtttaad 
to that of the torfece tem p le* from the tame ton. aod the coeTetemn of the albedo with the aorfece 
ooepht* ocamom cooaeat that ha* perttouaiy beea drmoettrated for the turf ace —plea wa* ai*o 
tended for the cor* sample*. A tod layer near the bottom of the ApoRo I? dee p dnfl core *u found 
to be tmoMtai >a two retpeco: the pram turf act and the butt chcmtcai compotmon* acre found to be 
more ttmdar than it utoal. and the albedo wo* exceptionally hsgfc. though ttifl only 0 * of the albedo 
of cruthed rock of tuanlar comp a n ion. 

The mochamam of darkemng of lunar tod it dneutted m the light of theto obtenation*. 
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Electrical properties at 450 MHz off Apollo 15 
and 16 deep drill core samples and surface 
soil samples at the same site 

T. Gou). E. Bilson. and R. L. Baron 

Center for Radiophytic* and Space Research. Space Semen Budding. 

Cornell L'nitertny. Ithaca. New York I4J3 

Xhttrata—The dielectnc contum and the voltage absorption ’engxh were meatured for ApoRo IS and 
I* deep core sample* at 450 MHx frequency. The meatured value* are compared to those obtained 
for surface tod simple* from the tame mitt mn 

The a btorbcnciea in the core i impln were found m be in the tame ranpe at thot* of (he surface 
sample*. The signdkance of these reauha for radar obsersauent it dttcvttod. 

?fai. 7*reni. A See. land. A. 2*5, 4. 1! [1*77) [ 427 ] 
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The relationship of surface chemistry and albedo of lunar soil samples 


By T. Gold, F.R.S., E. Bilsotc and R. L. Baron 
Center for Ra£op*ir.cs and Spate Research, Cornell University 
Ithaca, Sew York 14852, USA. 


A relation between the albedo and the surface iron concentration determined by 
Auger electron spectroscopy ■ of lunar soil samoies is described. The e/Tect of solar wind 
sputtering on the surface chemistry and albedo of the soil is discussed. 
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^Oftte Search For the Cause of the Low Albedo of The Moon 

* .'N 

T Gou>. E. Bilsov and R. L. Ba*o* 

Cmt+ /or Kj+*f*\ucs jmg Steer Mts+mrc* Coneii Lmcrrwi !:*** \r» Y*r* <*4*J 


TV effect* of different *cjiMrrnf ?rocn*c% on M alVd© of :V !w««r **ti*ct co*er r% j**ca»»ed TV 
tarfocc cVm*cat k j«povtiO« of name to** luiui w«i i«d X»'cm«d vampNct +** detertfitoed o% 
iwfer electron %;»ec:fOfeo 0 * TV vT*>c*J albedo of ’nete scowled TV .*nem#c*i 

^nctfiritiOA of roe aim i tifltuni t ^rour or :ftc v*rf*c* of Mii vamr** ’-or it * or be Mirt«£f ot 
cn**fted roc* omfits with v.Vr bulk comp^otUioe. *^crtu :V itScdo of u>ii tamr*ct * J *r :V« trji 
of: be ervtited *oc% toiepict 4 correlation * ?«»fntd Settee* * V ^*rfi« ror • rtar u» content and 
tile iihtdo Retuit* of to^ar *i«td wmuieuo* n rcnwti u tho* 'Vi mdxji~ce of crutncd aftof f oc* 
i^iipiei »itit j «**:; do*c corretjtondiiif to 3000 van of tour m**dt of 2-*cA merf} rrotort barfed 
tMc tar'ac* cncmttn o< he -oc* to tfui of tv WHl 4 -»uci affer 0OU of bfocont tcocword*ef O 
X) XX) vun of «oUr *<ndi «a ^eeOco to darken crutVd 'oc* to tftt i Ndo of *.%e %o«i o; wmuar 
.repeal zomvouuom TV ‘necVomn of Oarkcnmf b% »our +>nc rt ditcatted. **d u tffec:'c*e*» it 
compared ;o that of xbtr dirtcmaf proctuM 


/*>:•: Scenee / *:.V*T 3 * «♦ » -b 3 - 2*2 

I I Ao»e* $*cn:;?%; i*.JiiC’ift; 0 nri.i> \m*:*;r<iarr. - i*''r*ej n T’tc V***wjiHlt 


THE SURFACE COMPOSITION OF LINAR SOIL GRAINS A COMPARISON OF THE RESULTS 
OF AUGER AND X-RAY PIIOTOELECTRON i ESC A» SPECTROSCOPY 

RL BARON E BILSON. T GOLD 

Cento* for RiiA>on\ uetetui Sroee Hcrsrcr C ~n<il l •?ft fc n.n ; ' v - Tl 
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50LAE .^C EFFECTS Oft nil SClFAd OUHlSTW OF L^U SXA^IS 

!Il:«Ndi Si Ison 

C«ac«r for ftadlopfcyslcs 4 S^t tosearch, Co rail rnlwnlcv. Ithaca, ».T. l-«53 



J^urjcj. Surface «^«&c«mu of iron m 4 
'*agneaiu0 In crystal* fro* lunar rock sad toll 
samples ha»* ho on matured by loo nlcroprobot 
and vara attributed to tolar wind iaplaatatlon 
of th«M oloaoots. la this paper it it ihM 
that these surface ithasconu «d to particu¬ 
lar the Fe/hg turfact concentration ratios can 
also bo explained at r«tultia| froo tho sputter 
action of tolar uiad protons and Ho ions. far- 
chernore, tinea that# loot art can thousand 
t trios nor* to undone la tha tolar wind than lent 
of tha elements -r.ileh principally cstitituu the 
l«-nar grains, calculations detent crate that 
sputtering by protons and Ha ions nov** ap¬ 
proximately a hundred tinea nor* *g stoat, for 
example, than the number of tolar wind ions 
t tricing tha turf act. Ion i ''plantation it un¬ 
likely • thus, to hie a iosunaat effect >n tha 
major alanant composition of tha su* ; *ce of 
lunar grains. 
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